Abstract Vascular endothelial growth factor (VEGF) is important in breast carcinogenesis. However, whether the effect of VEGF expression on survival varies with intrinsic subtypes of breast cancer remains unclear and the prognostic significance of VEGF expression in breast cancer remains controversial. Using immunostaining of tissue microarray sections, VEGF expression was determined in 1,788 primary invasive breast cancers identified from the Nurses' Health Study cohort. Cox proportional hazards models were used to estimate hazard ratios (HR) of breast cancer-specific and overall mortality and distant recurrence, adjusted for epidemiological, clinicopathological, and related molecular factors, and year of diagnosis. Overall, 72.5% of breast cancers were positive for VEGF. VEGF expression was correlated with intrinsic subtypes (P \ 0.0001), with higher frequency in luminal B, HER2, and basal-like types versus luminal A type. Although VEGF expression was not significantly related to worse survival when all cases were considered together, it was significantly associated with increased risks for breast cancer-specific mortality (BCSM) (HR = 1.41, 95% CI = 1.01, 1.97) and distant recurrence (HR = 1.49, 95% CI = 1.07, 2.07) among women with luminal A tumors. In 262 women untreated systemically, VEGF expression was significantly associated with BCSM (HR = 5.58, 95% CI = 1.17, 26.66). In 902 women receiving adjuvant hormonal therapy, VEGF expression did not significantly predict clinical outcomes. The VEGF-associated increased risk of BCSM is limited to luminal A tumors. VEGF expression is a prognostic but not predictive marker of hormonal response in non-metastatic invasive breast cancer.
infiltration of tumor-associated macrophages [15] . Anti-VEGF therapy with bevacizumab, a humanized monoclonal antibody against VEGF, shows an improvement in progression-free survival in combination with chemotherapy for women with metastatic breast cancer [16] . Increased VEGF expression is implicated in acquired antiestrogen resistance in vitro [17] .
Breast cancer is composed of at least five molecular subtypes, as defined through gene expression profiling studies, each with different clinical outcomes, including luminal A, luminal B, HER2, basal-like, and normal-like types. Basal-like tumors account for about 80% of the clinically triple-negative breast cancer (TNBC) which is characterized by the lack of ER and PR immunoreactivity and HER2 over-expression [18] . Although VEGF has been correlated with basal-like tumors and TNBC [14, 19, 20] , the effect of VEGF on clinical outcomes in the distinct molecular phenotypes remains unknown.
Prior studies have reported inconsistent results regarding the prognostic and predictive significance of VEGF in breast cancer with some [11-13, 21, 22] supporting and others [7, 9, 23, 24] refuting an adverse effect. The inconsistent findings are likely due in part to molecular heterogeneity in breast cancer. Most studies did not address the question of whether VEGF is a prognostic factor, a predictor of response to adjuvant hormonal therapy, or both.
Using a large number of breast cancer cases identified from the Nurses' Health Study (NHS), we examined the effects of VEGF on progression of breast cancer by intrinsic subtypes determined by IHC assay as well as its prognostic value in women untreated systemically and predictive significance in women treated with adjuvant hormonal therapy.
Methods

Study population
The NHS included 121,700 female registered US nurses aged 30-55 at enrollment in 1976. At baseline and during each biennial follow-up, participants received a mailed questionnaire to collect information on medical events and risk factors for cancer and cardiovascular diseases. Incident breast cancer cases were ascertained on biennial follow-up questionnaire or by a search of the National Death Index. For self-reported breast cancer cases, permission to review medical records and pathology reports was requested.
Cancer tissue block collection
Since 1993, the NHS has collected archived formalin-fixed paraffin-embedded (FFPE) cancer blocks for participants with primary breast cancer diagnosed between 1976 and 1996. Patients with a prior history of cancer (except nonmelanoma skin cancer) at enrollment were excluded from collection. Of the 5,610 eligible cases, pathology specimens were obtained for 3,752 cases. Of these, 855 specimens could not be used in the tissue microarray (TMA) construction due to the unavailability of FFPE blocks or insufficient residual tumor [25] . Hematoxylin and eosin stained slides were reviewed to confirm the diagnosis, classify the cancer according to histological type and grade (Nottingham), and identify the area from which the cores for TMAs would be taken. Three paired 0.6-mm-in-diameter tissue cores were sampled from each FFPE block and were assembled into recipient paraffin blocks. A total of 23 TMA blocks were constructed from 3,093 cancers and positive lymph nodes from 2,897 participants [25] . VEGF was determined in 2,268 cases, of which 1,947 cases had stages I-III breast cancer. We excluded 158 cases with C4 positive lymph nodes and with no information on metastatic work-up at diagnosis and a death case with an unreasonable date of death. Therefore, 1,788 cases were included in the analysis.
Death and distant recurrence
Deaths in the NHS cohort were ascertained by reporting from next-of-kin and/or postal officers or searching the National Death Index. The date and cause of death were obtained from death certificates and/or medical records.
Women were considered to have experienced distant recurrence if they reported a second cancer in the liver, bone, or brain. If lung cancer was reported, medical records were reviewed to distinguish primary lung cancer from breast cancer metastatic to the lung. This self-reported distant recurrence has been validated with both a sensitivity and specificity of 92% [26] . For a woman who died from breast cancer, distant recurrence was assumed to have occurred 2 years before death.
IHC analysis
The immunostaining protocols for ER, PR, HER2, cytokeratin (CK5/6), and epidermal growth factor receptor (EGFR) have been reported elsewhere [27] . Immunostaining for VEGF was performed on TMA sections following deparaffinization and rehydration. After blocking endogenous peroxidase activity, sections were subjected to EDTA antigen retrieval (pH 8.0) for 20 min. The primary monoclonal antibody VEGF (VEGF Ab-7, Clone VG1 from LabVision) was applied to the sections and the slides were incubated overnight at 4°C followed by incubation with the biotinylated universal secondary antibody and the avidin-biotin complex. Visualization was performed using DAKO Envision automated detection system. Tissue sections from samples of angiosarcoma (LabVision VEGF-7 (?) control) were used as both positive and negative controls and were included in all staining runs.
Immunostaining for VEGF, ER, PR, HER2, CK5/6, and EGFR was evaluated in each core by pathologists blinded to clinical outcomes. VEGF immunoreactivity was defined as any positive staining in the cytoplasm of tumor cells. ER, PR, HER2, CK5/6, and EGFR positivity was defined previously [27, 28] . The tumor was considered to be ER positive or PR positive, respectively, if more than 1% of tumor cells showed nuclear staining for ER or PR. ER-and PR-negative tumors were defined as those that showed complete absence of tumor cell staining. HER2 positivity was defined as moderate or strong membranous staining (2? and 3?) in more than 10% of tumor cells. Tumors were considered positive for CK5/6 or EGFR if any cytoplasmic and/or membranous staining was detected in tumor cells, even if focal.
Definition of intrinsic subtypes
A case was considered positive for a given marker if tumor cells in any of the three cores from that case showed expression of that marker. According to histological grade and the IHC for ER, PR, HER2, EGFR, and CK5/6, breast cancers were classified into five subtypes. Tumors that were ER? and/or PR? and HER2-were categorized as luminal A if they displayed low or intermediate histologic grade and as luminal B if their histological grade was high. Luminal B type also included tumors that were ER? and/or PR? and HER2?. Tumors that were ER-, PR-, and HER2? were classified as HER2 type, and tumors that were negative for ER, PR, and HER2 and positive for EGFR and/or CK5/6 were classified as basal-like. Tumors with no staining for all five markers were categorized as ''unclassified.''
Statistical analysis
In addition to clinicopathological features, demographic and lifestyle factors that were collected before the selfreported breast cancer diagnosis were used in this study as covariates. The t test and the chi-square test were used respectively to compare continuous variables and categorical variables between cases with VEGF-positive tumors and those with VEGF-negative tumors.
Three survival endpoints were examined, including overall survival (OS) defined as the time from diagnosis to death from any cause, breast cancer-specific survival (BCSS) as the time from diagnosis to death from breast cancer, and recurrence-free survival (RFS) as the time from diagnosis to first metastatic recurrence. Cases without an event and death were censored at the follow-up cut off, June 2008. To analyze BCSS and RFS, death from any other causes were censored. The Kaplan-Meier method was used to develop survival curves in specified patients and the log-rank test to test for equality of survival curves. We used Cox proportional hazards models to calculate hazard ratios (HR) of survival endpoints according to VEGF status, unadjusted and adjusted for variables that were associated with survival in the univariate models at P \ 0.1 or of clinical importance. These covariates included age, body mass index, and menopausal status(all at diagnosis), smoking status prior to diagnosis, year of diagnosis, tumor size, nodal status, histological grade, and ER, PR, HER2, EGFR, and CK5/6 status (data not shown). The interaction between VEGF and intrinsic subtypes in survival outcomes was assessed by entering a cross-product term of VEGF status and intrinsic subtypes in multivariable adjusted models to examine if the association between VEGF and survival endpoints varied with intrinsic subtypes. The statistical significance of the interaction term was evaluated using the likelihood ratio test. The survival analysis stratified by intrinsic subtypes was performed. Similarly, we stratified patients according to adjuvant systemic therapy to evaluate the prognostic and predictive values of VEGF expression. To maintain a relatively large sample size, we grouped participants who had missing values for menopausal status (1.9%), smoking status (0.8%), and tumor grade (1.3%) in a separate category. A sensitivity analysis that was conducted by excluding participants who had missing values for any of these variables showed the similar results as those derived from analyses including participants with missing values (data not shown). Because of the limited number of women with other types of breast tumors except luminal A type and 25% of women lacking data on chemotherapy and adjuvant hormonal therapy, the primary analysis of the VEGF-survival relationship stratified by intrinsic subtypes was not adjusted for both therapies to increase the statistical power. However, we conduct secondary analyses with the same model additionally adjusted for both therapies.
Statistical analysis was performed using SAS (version 9.1; SAS Institute, Cary, NC). A P value \ 0.05 was considered statistically significant.
Results
VEGF and clinicopathological features
Among the 1,788 tumors, 1,297 (72.5%) were positive for VEGF. Table 1 summarizes epidemiological, clinical, and molecular features by VEGF status. Compared with patients with VEGF-negative tumors, patients with VEGFpositive tumors had higher BMI at diagnosis and were less likely to be current smokers at diagnosis. VEGF immunoreactivity was positively correlated with cancer stage, VEGF-positive tumors (log-rank P \ 0.001). Ten-year RFS was 87% among patients with VEGF-negative tumors and 82% among patients with VEGF-positive tumors (log-rank P \ 0.01); ten-year OS was 81% among patients with VEGF-negative tumors and 77% among those with VEGF-positive tumors (log-rank P = 0.21).
As shown in Table 2 , VEGF positivity was associated with significant increases in breast cancer-specific mortality (BCSM; HR = 1.52, 95% CI = 1.19, 1.95) and distant recurrence (HR = 1.52, 95% CI = 1.17, 1.96). Adjustment for covariates attenuated the VEGF-survival association to a non-significant level. Further adjustment for chemotherapy and adjuvant hormonal therapy did not significantly change the overall VEGF-survival associations or the associations among women with luminal A, luminal B, or HER2 type tumors. After controlling for both therapies, the inverse association between VEGF and BCSM among women with basal-like tumors became slightly stronger and statistically significant (HR = 0.42, 95% CI = 0.18, 0.98). In women with unclassified tumors, further adjustment for treatment attenuated the VEGF-BCSM association.
VEGF and survival by adjuvant systemic therapy Use of adjuvant systemic therapy significantly modified the association between VEGF and BCSM (P for interaction = 0.03) while the interaction between VEGF and adjuvant systemic therapy was not significant for overall survival (P = 0.25) or recurrence (P = 0.14). Among 262 patients (85% stage I and 15% stage II) untreated systemically, 10-year BCSS was 100% among patients with VEGFnegative tumors and 93% among patients with VEGFpositive tumors (log-rank P \ 0. 01). VEGF expression was an independent risk factor of BCSM among patients untreated systemically (HR = 5.58, 95% CI = 1.17, 26.66) ( Table 3 ). However, VEGF was not significantly associated with survival outcomes among patients who had chemotherapy and/or adjuvant hormonal therapy.
Because in vitro and animal models suggest the involvement of VEGF in hormone resistance, we further evaluated the predictive value of VEGF in response to adjuvant hormonal therapy. The following analyses were a Adjusted for age at diagnosis (continuous), body mass index at diagnosis (continuous), menopausal status at diagnosis (premenopausal, postmenopausal, or unknown), smoking status prior to diagnosis (never smoking, past smoking, current smoking, or unknown), year of diagnosis (continuous), tumor size ([2 or B2 cm), histological grade (I/II, III, or unknown), nodal status (positive or negative), and status of ER, PR, HER2, EGFR, and cytokeratin 5/6 (positive, negative, or unknown) b Adjusted for the above factors as well as adjuvant chemotherapy (yes, no, or unknown)
c Adjusted for factors mentioned in b except for ER and PR status restricted to the 902 patients with adjuvant hormonal therapy. VEGF immunoreactivity was not associated with BCSS (log-rank P = 0.20, Fig. 1a ), OS (log-rank P = 0.32), or RFS (log-rank P = 0.17); however, patients with HER2-type tumors had shorter BCSS times (log-rank P \ 0.01, Fig. 1b ) and RFS times (log-rank P = 0.07). When the analysis was restricted to the 646 patients with both ER-and PR-positive tumors receiving adjuvant hormonal therapy, HER2 over-expression was still significantly associated with decreased BCSS (log-rank P \ 0.01, Fig. 1d ) and RFS (log-rank P = 0.02) and VEGF expression did not significantly influence BCSS (log-rank P = 0.13, Fig. 1c ) or RFS (log-rank P = 0.08). Multivariate analyses showed that VEGF was not significantly associated with clinical outcomes, regardless of steroid hormone receptor status (Table 3) . While HER2 overexpression was not an independent risk factor predicting clinical outcomes of all patients receiving adjuvant hormonal therapy (data not shown), HER2 over-expression was significantly associated with more than twofold increases in BCSM (HR = 2.64, 95% CI = 1.21, 5.78) and recurrence (HR = 2.32, 95% CI = 1.02, 5.28) in patients with both ER-and PR-positive tumors receiving adjuvant hormonal therapy after adjustment for chemotherapy and other confounders.
Discussion
The correlation of VEGF with established pathological markers for breast cancer prognosis has been reported [8, 9, [11] [12] [13] [14] . However, little is known about whether VEGF is differentially expressed by intrinsic subtypes of breast cancer. We found that VEGF positivity was more frequent in luminal B, HER2, and basal-like tumors versus luminal A types. Overall, there was a non-significant increased risk of BCSM associated with VEGF expression. However, VEGF positivity was associated with a 40% increased risk of BCSM and recurrence in luminal A tumors. There was also an association between VEGF and BCSM among the tumors negative for all five markers (ER, PR, HER2, EGFR, and CK5/6). VEGF had no obvious effect on clinical outcomes of luminal B, HER2, and basal-like tumors in terms of BCSM and recurrence. Thus, the magnitude of adverse effects of VEGF on breast cancer prognosis may be surpassed by that of co-expressed HER2, EGFR, and/or CK5/6. Due to a limited number of luminal B, HER2, and basal-like tumors negative for VEGF, a larger study is needed to confirm this hypothesis. The differential association between VEGF and survival by intrinsic subtypes of breast cancer may help explain the conflicting results in the literature. This finding of no effects of VEGF on BCSM in basallike tumors is similar to that seen in two independent studies among Swedish women with TNBC, one using the cytosolbased method and the other using IHC to determine VEGF status [19, 20] . These results may challenge the use of anti-VEGF therapy for non-metastatic basal-like breast cancer and non-metastatic TNBC, two tumor types with significant overlap. Using IHC to assess VEGF, VEGFR-2, and EGFR expression, Ryden et al. [20] found that only VEGFR-2 was associated with a significant decrease in BCSS in TNBC patients untreated systemically. Thus, components of the VEGF signaling pathway rather than VEGF itself may be involved in the poor prognosis of TNBC. The survival benefit of VEGF-targeted therapy with bevacizumab might not be as high in non-metastatic TNBC as that with immunotherapy directed toward VEGFR-2.
Unexpectedly, we found a VEGF-associated decreased risk of overall mortality in patients with basal-like tumors. The inverse association may be due to nuisance distribution of unmeasured confounders related to death from causes other than breast cancer. Due to the limited power, we could not rule out chance as the basis for this inverse association. Both a limited number of basal-like tumors and the unavailability of treatment data for 25% of patients may account for the inconsistent VEGF-BCSM association between the models adjusted and unadjusted for treatment.
Using a panel of five tissue markers (ER, PR, HER2, EGFR, and CK5/6) to classify breast tumors identified among the NHS participants, Dawood et al. [28] found that 5% of tumors were negative for all five markers and this type of tumors were associated with a 38% increased risk of BCSM as compared with luminal A type. With a small number of cases with unclassified tumors, we had a limited power in this study to evaluate the survival effect of VEGF in this type of tumors.
Consistent with the cytosol-based studies performed in node-negative breast cancer patients untreated systemically [11, 29, 30] , we found that VEGF expression was an independent factor associated with increased BCSM of early invasive breast cancer patients untreated systemically. Therefore, VEGF may be a prognostic marker in early invasive breast cancer.
Clinically, not all patients with ER-positive tumors benefit from adjuvant hormonal therapy. In tamoxifentreated mice, induction of VEGF expression in implanted xenografts that were initially tamoxifen responsive caused ER-positive breast tumors to grow and metastasize to the lungs [31] . In patients with both ER-and PR-positive breast cancers, high cytosolic VEGF levels rather than HER2 levels were independently correlated with shorter BCSS and RFS times after adjuvant hormonal therapy [12] . Using IHC to evaluate VEGF and HER2 over-expression, however, we found that despite the high correlation between these two proteins, HER2 rather than VEGF was significantly associated with decreases in BCSS and RFS in patients with both ER-and PR-positive tumors after adjuvant hormonal therapy. The finding is consistent with the results of a randomized trial showing that only IHC-determined HER2 but not IHC-determined VEGF expression was an independent predictor for decreased BCSS after chemotherapy in breast cancer patients [9] . Therefore, cytosolic VEGF levels seem to be more accurate than in situ VEGF expression to predict response to anti-estrogen therapy. Conversely, IHC seems to be superior to cytosol-based method in determining HER2 status to predict hormone resistance.
As a limitation of this study, data on adjuvant systemic therapy are missing in a quarter of the sample. We grouped patients for whom the data on chemotherapy were unavailable in a separate category in the multivariable analysis of predictive value of VEGF after adjuvant hormonal therapy. Sensitivity analyses restricted to patients for whom the data on chemotherapy were available yielded similar results. In addition, year of diagnosis was included in the multivariable models to account for any changes in treatment over time.
Expensive costs limit the use of gene expression profiling in routine clinical practice, although it remains the gold standard to define breast cancer subtypes. Classification of breast cancer by a panel of IHC markers predicts distinct clinical outcomes [32] [33] [34] [35] . Our classification scheme was similar, although not identical, to those used in previous epidemiologic studies [27, 28] . The prior studies utilized a panel of IHC markers alone to define molecular subtypes, while we also incorporated histologic grade. It has been suggested that the distinction between luminal A and B tumors can be refined by adding the proliferation marker Ki67 to ER, PR, and HER2 [34] . Due to the lack of Ki67 data for the cases, we used histologic grade as a surrogate for proliferation rate because of the high correlation between them [36] . Intrinsic subtypes defined by our classification scheme have shown different prognosis, with luminal A tumors having better prognosis than other subtypes [28] , which was consistent with the results of studies in which molecular subtypes were defined by gene expression patterns [37, 38] or by panels of IHC markers [32] [33] [34] .
In conclusion, despite the higher frequency of VEGF expression in luminal B, HER2, and basal-like versus luminal A tumors, the VEGF-associated adverse effects on survival were observed only in luminal A breast cancer. VEGF expression was a prognostic factor in invasive breast cancer but not a predictor of hormone resistance in breast cancer. 
